KEYWORDS: extrusion, minitablet, pellet, poly(ethylene oxide), tablet The purpose of this study was to assess the potential use of poly(ethylene oxide) (PEO) as matrix-forming material for tablets and extrudates. Raw materials were characterized for size, size distribution, and shape. Tablets with 2-and 10-mm diameter were prepared by direct compression at both 13 and 38 MPa from mixtures with poly(ethylene oxide)s, a model drug (propranolol hydrochloride), and lactose. To these mixtures water was added (16%-43%) prior to extrusion in a ram extruder fit with different dies (1-, 3-, 6-, and 9-mm diameter and 4-mm length). Tablets and extrudates were characterized for work of compression or extrusion, respectively, relaxation, tensile strength, friability, and drug release. Both PEOs produced tablets easily and with different properties. Some relaxation was observed, particularly for tablets with higher amounts of PEOs. Release of the drug occurred after swelling of the matrix, and between 10% and 70% drug released, a quasi zero-order release was observed for large tablets. Extrusion was possible for formulations with PEO only with amounts of water between 16% and 50%. Both radial and axial relaxation of both plugs and extrudates were observed. Moreover, different extrusion profiles reflected the different behaviors of the different formulations. The model drug was released in the same fashion as observed for the tablets. It was possible to produce tablets by direct compression and extrudates or pellets from those extrudates from different formulations with PEO. Tablets and pellets have shown distinct properties depending upon the PEO considered. Extrusion was particularly complex with different formulations with PEO.
INTRODUCTION
In recent years poly(ethylene oxide) (PEO) has attracted much attention as a polymeric excipient that can be used in formulations for different purposes. For instance, formulations with PEO have been extruded to make different products such as swellable and erodible implants, 1 scaffolds for tissue engineering, 2 or, in the production of micelles with amphiphilic drugs, when solid dispersions incorporating these drugs are placed in aqueous environments. 3 However, PEOs are mostly used to produce controlled release solid dosage forms such as matrices, reservoirs, or coated cores. [4] [5] [6] Due to their chemical structure, PEOs are among various hydrophilic polymers that, in the presence of water, control the release of the active moiety either by swelling (large molecular weight, >2 MDa) or by eroding and swelling (small molecular weight, <0.9 MDa), forming a hydrogel. In both cases, the water triggers the process starting the erosion and/or the swelling processes.
All this attention to PEOs is a consequence of their physical and chemical stability, compressibility, high swelling ability, and good solubility in water. Thus, PEOs have been proposed as alternatives to cellulose or other ethylene glycol derivatives in the production of tablets or granules.
Poly(ethylene oxide) has been used in association with hydroxypropylmethylcellulose (HPMC) or polyvinylalcohol (PVA) to delay the release of a drug by controlling the extent and rate of swelling of the polymers. 7, 8 Cyclobenzaprine hydrochloride, 9 tetracycline, metronidazole, 10 and theophylline anhydrous 11 are examples of drugs released in a controlled fashion over a period of 6 to 8 hours from tablets containing PEOs. Associations of PEO with HPMC in formulations were compacted with electrolytes (sodium carbonate or pentasodium tripolyphosphate), that competed for the water of the dissolution medium, thus delaying the swelling of the polymers PEO  90  70  50  30  10  PRO  0  20  40  60  80  LAC  10  10  10 10 10 *PEO indicates poly(ethylene oxide); PRO, propranolol hydrochloride; and LAC, lactose. †Formulation considered for the preparation of tablets of 2-mm diameter.
controlling the release of diltiazem hydrochloride. 8 In a different application, monolithic osmotic systems were prepared from combinations of manitol and PEO. The correct balance between these materials enabled the control of the release of the drug. 5 The main disadvantage with these systems arises from their monolithic nature and their presentation to patients as single unit dosage forms. On the other hand, multiple unit dosage forms, with a large number of units given to the patient, present major advantages such as higher uniformity of the dose and a larger spreading of the units in the gastrointestinal tract promoting a better therapy and tolerance to the medicine by the patient. This can be achieved either by making minitablets (eg, tablets with 2-mm diameter) or pellets. Pellets can be prepared by hot-melt extrusion or extrusion of wet masses, well-known technologies for the preparation of pellets as multiple unit dosage forms, with uniform and highly controlled size, size distribution, and shape. Recently, PEOs have been used in mixtures processed by hot-melt extrusion for the preparation of sustained-release 12,13 mucoadhesive matrix films containing clotrimazole. The potential problem with this use of PEOs arises from the fact that high temperatures may affect the chemical stability (reflected by chemical degradation) or the physical stability (by a change of the structure of the particle, namely, by the production of a new polymorph) of the drug. If extrusion is to be considered at low temperatures, then wetting of the formulation is achieved traditionally with water or nonaqueous liquids to promote the plasticity of the material to be extruded.
In the present study, the comparison between tablets, minitablets, and extrudates to assess the potential of PEOs to produce multiple unit dosage forms is considered upon preparation of tablets with 2-and 10-mm diameter, and extrudates and pellets with different sizes.
MATERIALS AND METHODS
Poly(ethylene oxides) were Polyox WSR 301 (PEO-301) (molecular weight [MW] ~4 MDa) and WSR 303 (PEO-303) (MW ~7 MDa) (Union Carbide, Geel, Belgium). Propranolol hydrochloride (PRO) (supplied by Capsifar, Lisboa, Portugal) and Į-lactose monohydrate (LAC) (Granulac 230, Meggle, Wasserburg, Germany) were used as received. Water (W) was demineralized in house. Visual inspection of particles of the different materials was performed to assess qualitatively the size, size distribution, and shape of the particles by optical microscopy (Olympus optical microscope, Tokyo, Japan) after their dispersion in paraffin oil.
Preparation of Tablets
Different mixtures of powders (Table 1) were produced in a tumble mixer (Fisher Kendall, London, UK) for 5 minutes. One hundred tablets with 300 mg or 6 mg of each mixture of powders were produced individually from these mixtures in a mechanical press (LR 50K, Lloyds Instruments, Fareham, UK) fit with 10-mm or 2-mm diameter dies and flat punches (Lurga, Sacavém, Portugal), respectively. Both types of tablets were produced under a pressure of 13 and 38 MPa. The upper punch was displaced at 10 mm/min, and both the force applied and the displacement were recorded to assure reproducibility between tablets and to enable the calculation of the work of compression (W c ) (ie, the energy stored by individual tablets, from the "force vs displacement" curves). Table 2 presents the formulations considered for the mixtures used in the production of the extrudates. To each formulation, different amounts of water (16% up to 43%) were added to prepare a wet mass to be extruded in a ram extruder fit with different dies (1-, 3-, 6-, or 9-mm diameter and 4-mm length). A 1-inch ram extruder was fit to a mechanical press able to record both the force applied to the ram and its displacement. Extrudates were dried overnight in an oven (Heraus, Berlin, Germany) at 60°C prior to characterization. The moisture contents of the wet powder mass for extrusion, plugs, and extrudates were determined with a moisture balance (Sartorius, Mandres-les-Roses, France) for 60 minutes at 105°C. Tablets and extrudates were characterized for the "work of compression" or the "work of extrusion," (average of 10 runs, n = 10) respectively, dimensions (diameter and height or length, with callipers) immediately after production and 7 days after (n = 20), crushing strength (CT5, Engineering Systems, Nottingham, UK) (n = 5, for each batch and time of measurement), tensile strength (derived from the crushing force), 14 friability (n = 20, Roche type friabilator), and dissolution of the drug according to the United States Pharmacopeia (USP) 26 under sink conditions (n = 6, Sotax AT7, basket apparatus at 100 rpm and 900 mL water at 37°C, Basel, Switzerland). Three hundred milligrams of either tablets or extrudates were placed in a basket, and samples from the dissolution media were collected at timed intervals. Following the filtration of the samples, PRO was quantified by UV spectrophotometry (Hitachi U-2000, Tokyo, Japan). Statistical comparisons of results were performed upon performance of a t test. Results were considered significantly different at a P < .05 level.
Preparation of Extrudates

RESULTS AND DISCUSSION
The analysis of the raw materials showed that particles of PEO powders were irregularly sized and shaped. The powders presented a crystalline aspect with a needle or rectangular form. PEO-303 has shown a larger variation in the shape and size of the particles compared with the particles of PEO-301. Cumulative frequency distribution curves for both materials (not shown) indicated a median particle size of 5 and 7 μm, respectively, for PEO-303 and PEO-301. Lactose and PRO have shown larger median particle sizes (37 and 26 μm, respectively).
Ten-Millimeter Tablets
The production of 10-mm tablets ( Figure 1A ) at different pressures required different W c , as anticipated. A preliminary evaluation of the results (Table 3) shows that formulations with PEO-303 stored less energy than the ones with PEO-301 in the preparation of tablets under the same pressure. This observation suggests a different behavior of the particles of the 2 materials. In a previous study, Young et al 15 observed that for different compaction rates, PEOs have shown a plastic behavior. Although the present study was not designed to provide evidence on the compaction mechanisms of the different materials, it was observed that differences in the type of materials and mixtures affected their compaction and the properties of the tablets produced. From Table 3 it can be observed that the relationship between the formulation and the work of compression is not linear. Formulations with equivalent amounts of PEO and PRO (Formulations 2 and 3) were easier to tablet than the others (control, Formulations 1 and 4), probably because of better flow of the particles within the die. Larger amounts of either PRO or PEO in the formulation were reflected by an earlier onset of the compression force.
The results for the recovery of the tablets, assessed from the changes in dimensions with time, showed a direct relationship between the work of compression and the recovery of these tablets prepared from formulations with high amounts of PEO. On the contrary, tablets prepared from formulations with high contents of PRO showed little recoveries. This observation suggests that PEOs are more elastic than the other components in the formulation, promoting the relaxation of the tablets. Worth mentioning is the difference in behaviors observed between tablets prepared with PEO-301 and those prepared with PEO-303. For low pressures, tablets with PEO-301 showed smaller recoveries than tablets with PEO-303, whereas for higher pressures, an opposite behavior was observed. A possible explanation for this observation may be derived from the structure of the particles of the 2 types of polymers and from the polymers themselves, which react differently in accommodating the stresses.
The forces required to crush the tablets were the same for identical formulations compacted under the same pressures. As expected, the larger the tablets, the larger the force required to crush them. In all cases, tablets crushed in 2 halves with a straight, uniform line. The tensile strength, a more meaningful test to identify the strength of the bonds between the compacted particles, showed that the values for the tablets produced with greater amounts of PEO tend to be higher compared with those incorporating a large quantity of PRO, underlining the ability of PEO to produce tablets. Furthermore, the amplitude of the results was higher for tablets produced from PEO-303 than for tablets with PEO-301, suggesting that the former has a better ability to produce stronger tablets than the latter. In any case, the absence of PEO in formulations (Formulation 4) has contributed to a major decrease in the tensile strength. This decrease in strength was more visible for tablets produced with PEO-303. Often, aging of tablets is reflected by an increase in the strength of the bonds. In the present study, although an increase was observed from day 0 to day 7, the variation was not significant (P < .05). The increase in the tensile strength when the pressure of compaction was increased can be explained by the fact that the force applied affected both the strength and the number of the intra-and interparticulate bonds formed. These observations are further supported by the results of the friability tests, which correlate nicely. Again, the presence of PEO in formulations promoted the production of tablets with low friability, whereas tablets with small amounts of PEO collapsed.
Although differences were found in the mechanical properties of the tablets, the release of propranolol hydrochloride from the tablets was identical for the different formulations and pressures applied. Tablets placed in the dissolution vessels did not disintegrate; instead they swelled, reflecting their ability to delay the release of PRO. Dissolution profiles of PRO are shown in Figure 2 for tablets prepared from different formulations processed differently. Of interest is that, for the tablets remaining intact throughout the dissolution test, the type of polymer used or the force applied to produce such tablets was not relevant. However, significant differences in the release pattern can be observed. On the one hand, small tablets released the drug faster than bigger tablets, following a first-order release; on the other hand, bigger tablets were able to retain the drug for a longer period of time, releasing it under a constant rate, particularly between 10% and 70%. These observations strongly suggest that the drug was released through the gel formed.
Two-Millimeter Tablets
In order to compare the behavior of minitablets with pellets and larger tablets, 2-mm diameter tablets were produced from Formulation 1, which was considered for the production of the 10-mm diameter tablets (Table 1 ) ( Figure 1B ). These tablets allowed comparisons with the extrudates regarding the expansion observed after production, the radial force required to crush them, and the assessment of the release of the drug. PEO-303 tablets crushed with a single, straight broken line showed higher values at break when compared with PEO-301 tablets (Table 4) , although the tensile strengths were not significantly different. It is obvious that the greater the compaction pressure, the greater the tensile strength. This observation remained valid independent of the pressure applied to the mixtures. However, the tensile strengths of the tablets (derived from the crushing forces), showed that smaller tablets presented a value 8 times higher than the larger tablets prepared under the same compaction pressure. In a parallel study, different minitablets showed some relaxation, reflected by an increase in the height with time (between 3.2% and 3.4%). These values were more uniform than those observed for the larger tablets. However, a lack of sensitivity of the callipers might have affected the measurement. Moreover, the higher the compression pressure applied, the lower the expansion of the tablets (38 MPa vs 13 MPa). This finding suggests that the relaxation for both materials was identical, and the larger pressure applied promoted the formation and strengthening of bonds between particles, avoiding relaxation of the structure of the tablet.
The dissolution tests revealed (by visual observation) that the dissolution of the contents of individual tablets occurred after swelling of the matrix. Neither the pressures applied in the compression of the powders, nor the type of PEO in the formulation seemed to affect dramatically the release of the drug (Figure 2 ). However, for the same amount of PRO in the dissolution medium, the size of the tablets (ie, the surface area available for dissolution) seemed to be a critical factor controlling the release of the drug, as anticipated. In fact, the release rate of PRO from big tablets was slower than that observed from small tablets, as a consequence of the sequence of events that occurs for this type of system, such as hydration of the matrix, swelling of the matrix, and release of the drug.
Extrudates
Preliminary results with high amounts of PEO (50%) have shown that extrusion was not possible. A nonuniform mass was produced, and when placed in the barrel of the extruder, the flow was difficult. It was evident that significant pressure, well above the ability of the extruder, would have been required to produce an extrudate. For lower amounts of PEO (<40%) extrusion was possible but highly dependent on the amount of water present in the formulation: the larger the amount of water, the higher the ability to produce extrudates with better characteristics; namely, smoother surface, lower extrusion force required to reach the steady-state, and higher extrudability through dies with smaller diameters. However, the uniformity of such extrudates was very low, avoiding further processing. Low amounts of PEO in formulation (Formulation 2, Table 2 ) required a minimum amount of water (35.2%) for this formulation. From this mass, extrudates were produced with diameters varying from 1 to 9 mm depending on the die's diameter. Below that quantity of water, the force required for extrusion was higher than 30 kN; consequently, extrusion under such conditions was not pursued because of the limitations of the equipment. Further decrease in the PEO content (Formulation 3, Table 2 ) required a lower amount of water (28%) in the formulation to produce extrudates with identical quality as before. This trend carried on for Formulations 4 and 5, requiring 21.5% and 16.1% of water in formulation, respectively, for the production of extrudates with different diameters. These observations underlined the large affinity of PEO for water, affecting dramatically the extrudability of the mixtures. As anticipated, a large diameter of the die and a low speed of the ram required lower forces to produce extrudates. Graphical representations of both sets of experiments show a long, steady-state phase after compression, suggesting that these types of mixtures are plastic enough to be extruded continuously. The radial relaxation of the extrudate enhances the interaction between the formulation and the processing conditions. Table 5 presents some of the results for 2 formulations (30% and 20% PEO). By increasing the diameter of the die, the recovery of the extrudate decreased. In fact, lower extrusion forces were required to produce extrudates, thus lower stresses were required to produce the extrudates and, consequently, lower stresses were imposed on the material.
The use of different speeds of extrusion (25-400 mm/min) to promote the extrusion of a mixture of powders (Table 1 observed mean that the extrusion of these formulations is complex, difficult to achieve, and highly dependent on the water content of the formulations. A large elastic component of the materials was observed simultaneously, reflected by an axial and radial relaxation of the extrudate immediately after extrusion (Figure 4 ). The figure shows that the relaxation to such an extent is very significant and unusual for formulations produced from wet mixtures, particularly when the materials were left in a wet state for a long period. The radial relaxation was anticipated and was a consequence of the layers converging to the die and producing forces and tensions that were either assimilated by the extrudate or released in the form of relaxation of the extrudate. With the extrudates produced from viable formulations, a considerable relaxation was observed. The extrudates produced from some formulations presented a diameter 3 to 7 times bigger than the diameter of the die. This was observed for both higher extrusion speeds and higher water/PEO ratios ( Figure 5 ). The interaction between the water in the formulation and the speed of extrusion is complex. The explanation may be based on the water movement through the mass upon extrusion. This water movement was observed for the extrudates and is more important for smaller extrusion rates. Thus, extrudates produced at lower speeds have more water available to release eventual stresses over the material than extrudates produced at higher speeds, which are drier and thus show lower plasticity. Regarding the ratio between PEO and water (W), results are more difficult to analyze due to the presence of LAC in different amounts. Nevertheless, the pattern of the results seems to show that for higher ratios of PEO/W the stresses tended to increase. The first line of results seems to contradict this argument; however, it was observed that the force required to produce the extrudate was very high, and the extrudate produced had a considerable amount of powder. Thus, more water was required to promote the extrusion of this mass in order to give plasticity to the mass and, also, to allow relaxation of the extrudate. The effect of the speed of extrusion (Figure 4) was anticipated: the larger the speed of extrusion, the larger the force required to produce the extrudates. In order to produce extrudates, the wet masses have to flow downward in the barrel, then converge to and pass through the die. In all these steps, shear between the material and the equipment or between layers of the material has to be overcome. By increasing the extrusion rate (ie, for higher speeds of extrusion), the shear between the interfaces increases, thus more lubrication is required. However, for the same formulation, lubrication was kept constant in the present investiga-tion. Moreover, the migration of water, which has a lubricating effect, decreased with speed, thus its action as a lubricant decreased, as well. For example, a wet mass with 10PEO:20PRO:70LAC:34W was extruded at different speeds through different dies. For lower extrusion speeds (ie, 25-50 mm/min), the first portion of the extrudate was wetter than the last portion. On the contrary, for higher speeds (400 mm/min) the water content in the extrudate was more uniform. This migration of water is a well-known effect derived from this type of extruder. 16 A large radial expansion of the extrudates was observed with these formulations. Extrudates produced at low speeds through a 1-mm diameter die showed a variation in the diameter between 2 and 6 mm, at the beginning (large amount of water) and at the end (drier extrudates), respectively; whereas the extrudates produced at higher speeds have shown, at the end, a diameter of 12 mm (Figure 4 ). This observation was confusing because it was expected that water would promote the swelling of the PEO, and thus the extrudate. However, results showed that the higher water content in the first portions of the extrudates might have contributed to a decrease in the stresses within the extrudates more effectively than the smaller water content observed in the last portions of the extrudates, in which the amount of water was below the expected value.
The length of the die (or, as expressed more frequently, the ratio between the length and the diameter of the die) affected the quality of the extrudates. In the present investigation, an increase in the length of the die was reflected by an increase in the extrusion force and a poorer quality and smaller relaxation of the extrudates. These variations are due to the different degrees of compression applied to the material converging to the die ( Figure  4 ), and to different abilities to accommodate stresses that are either incorporated by the extruded material or released in the form of radial relaxation with the extrudates showing defects. In either case, the release of stresses is difficult to control and very often promotes the production of extrudates of questionable quality. Thus, both speed and die length enhance the effect of the elastic component of PEO mixtures. The stresses mentioned are dependent on the formulation, extrusion speed, and the length or type of die used in the process of extrusion. Once the extrudate comes out of the die, the stresses are released by radial expansion of the material; the higher the stresses within the extrudate, the higher the deformation of the surface of that extrudate. For the same formulation and diameter of the die, extrudates produced at lower velocities showed smaller recoveries.
Different pieces of the extrudates with the same length were produced and placed between 2 anvils in order to assess the force required to crush these extrudates. From the graphical representation of the results obtained ( Figure 6 ), it was possible to identify a subtle rupture of the structures of the extrudates followed by a continuous deformation. This observation was more evident for larger extrudates (Figure 6 ; 9-mm diameter,) than for smaller extrudates (Figure 6; 3-mm diameter) , reflecting the different force required to crush the extrudates and the complexity of the structures of such extrudates. Three types of extrusion profiles were identified for different formulations and processing conditions ( Figure  7 ): type "A" had low PEO content, high water content, and medium extrusion speed; type "B" had a peak reflecting an elastic component of the material; and type "C" had a large decrease in the steady-state force. Type "A" shows a long and constant steady-state phase, suggesting a balance between the radial stresses within the extrusion chamber and friction between the mass and the barrel's wall. The peak observed for type "B" is commonly found during the extrusion of polymers and it can be assumed that some yield stress of the material must be overcome before extrusion can start. Once the extrusion started, the viscous component of the material remained constant. Finally, a type "C" profile was observed for dies with bigger diameters, showing a continuous decrease of the steady-state force due to a continuous decrease in the shear force at the barrel's surface. Extrusions generating these types of profiles suggest that the properties of the material under extrusion remain constant throughout the process. The process of extrusion is largely affected not only by the die and extrusion speed but also by the shear force observed at the extrusion chamber's wall that tends to decrease as the surface of contact between the material and the wall decreases. The release of PRO from extrudates was mostly dependent on their surface area (Figure 8 ) (ie, for the same mass of extrudates in the dissolution medium); the thinner the extrudates, the faster the release of PRO. Results showed that increasing the PEO content in the formulations delayed the release of PRO (Figure 8 ). Complete release of PRO from extrudates with 30% PEO was achieved after 3 hours, suggesting some controlled-release properties of the drug from these extrudates. These results showed that the amount of water required for the extrusion of the materials did not affect the ability of the PEOs to swell, and thus to control the release of the drug in the dissolution medium.
CONCLUSION
The study results demonstrated that PEOs are suitable materials for use in sustained-release preparations either as tablets or extrudates. PEO proved to be a good direct compression material for the production of tablets of different sizes, although different mechanical properties were observed between tablets prepared from PEO-301 and PEO-303. Different compaction mechanisms might have occurred resulting in different mechanical properties. Relaxation of tablets was not significant, but an increase in the amount of PEO in the formulation promoted an increase in the axial relaxation of the tablets. Of the properties examined, the determination of the tensile strengths allowed the identification of differences between tablets when different PEOs were considered.
Extrudates incorporating large quantities of PEOs can be produced, but with extreme care, due to the high interaction between the polymers and the water and to the complex viscoelastic behavior of PEOs. The need to have water present in the formulations for extrusion made the use of wet masses with PEO more difficult. Nevertheless, the study showed the possibility of producing extrudates and pellets incorporating large amounts of PEO. It can be said that the general principles observed in the extrusion of other materials is still valid for the processing of the mixtures. For instance, the effect of water content in the formulation made the extrusion easier, whereas an increase in the rate of extrusion promoted an increase in the number of defects observed in the extrudates. The extrudates prepared showed significant elastic and plastic nature mainly due to the presence of PEOs in the formulations. These properties were more evident when larger stresses were applied to the wet masses (ie, when smaller dies and larger forces were applied to the masses). The study showed that it is possible for extrudates with PEOs to be cut into small pellets to be administered to patients as multiple unit dosage forms.
The release of PRO, a soluble drug, could be controlled from tablets, extrudates, and pellets and, for some preparations, a linear release profile was observed. Therefore,
